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racture of veneering porcelain is a complication that can occur in every dental ceramic system, including allceramic and porcelain-fused-tometal (PFM) restorations. Researchers initially reported the need to repair cohesive fractures of veneering porcelain for PFM restorations. 1, 2 Fracture has become an increasing problem in the past few years as a result of the increasing popularity of all-ceramic restorations. All-ceramic restorations seem to be more susceptible to fractures of the veneering porcelain. 3 Longterm clinical data pertaining to allceramic restorations are limited, but available long-term data show that survival rates for all-ceramic single crowns are similar to those for PFM single crowns. [4] [5] [6] However, this conclusion is not true for all-ceramic fixed dental prostheses (FDPs). Investigators have reported significantly higher failure rates for all-ceramic FDPs compared with rates for PFM FDPs. 3, 7 In addition, clinical data regarding implant-supported allceramic restorations, especially FDPs, are insufficient to provide an acceptable level of evidence yet. 8 Study findings also show that the fracture modes of all-ceramic restorations have changed substantially with the availability of zirconium-oxide as a high-strength substructure material. Although framework fractures have been the main reason for loss of glass-ceramic, In-Ceram Alumina (Vita Zahnfabrik, Bad Säckingen, Germany) and alumina-based restorations, 3, 6, [9] [10] [11] fractures of the veneering porcelain appear to be a zirconia-specific problem, thus shifting the system's fracture mode from the core to the veneer layer. 7, 12, 13 The literature contains only a few reports of framework fractures in zirconiabased restorations, mainly in FDPs and inlayretained FDPs. 3, 7, 14, 15 The results of the majority of studies indicate that chipping of the veneering porcelain is the most frequent complication of zirconia-based restorations. 3, [16] [17] [18] [19] [20] [21] [22] [23] [24] With respect to the differences in failure analysis methods, follow-up periods and materials used in these studies, it is difficult to provide generally applicable evidence. 8 Chipping rates ranging from 0 to 54 percent for FDPs with zirconia frameworks appear common after one to three years of observation. 7, 25 The incidence of chipping in metal-ceramic FDPs is statistically significantly lower. Sailer and colleagues 3 observed a mean rate of chipping of 2.9 percent for metal-ceramic FDPs after a five-year observation period. It is important to note that for both PFM and zirconia-based FDPs, the frequency of veneer chipping that could be treated by means of polishing or repair was considerably higher than the frequency of veneer fractures, which required replacement of the restoration. 7 On the basis of these findings, we reviewed the literature to evaluate current methods of intraoral repair of failed veneering porcelain.
METHODS
We performed a systematic online and manual search of the dental literature from 1977 to May 2012. We used PubMed to search citations from MEDLINE (U.S. National Library of Medicine, Bethesda, Md.) and other life science journals, as well as Google Scholar. We used multiple key words (ceramic, repair, bonding, hydrofluoric acid, air abrasion, silane, phosphates, silicon dioxide) and different strategies (connecting different key words with OR, NOR and AND, as well as truncating the stem of words), and we did not set any language restrictions. We based the hand search on literature cited in articles about related in vivo and in vitro studies that addressed veneering porcelain chipping. The search resulted in 300 titles from 1977 to 2012. We scanned the abstracts of these 300 publications for applicability, and both of us reviewed 250 full articles. We selected a total of 97 in vitro studies, 21 clinical investigations and six systematic reviews for this review (N = 124). Sixty-seven in vitro investigations provided evidence regarding different surface conditioning methods to achieve resin bonding to silicate ceramic, oxide ceramic, metal alloys or combined surfaces. Ten articles addressed intraoral repair techniques specifically, three of which were based on clinical findings and seven on laboratory findings. The remaining publications provided evidence-based data pertaining to veneering porcelain failure, failure modes, clinical relevance and clinical treatment applications.
RESULTS
The literature contains reports of various possible causes of veneering porcelain failure.
Coefficient of thermal expansion. Given the fact that chipping during function signals the presence of tensile stresses, likely associated with the zirconia-porcelain interface, some researchers have suspected that a mismatch in thermal expansion of the two materials is responsible for failure. 26 However, the exact range of thermal compatibility for zirconia ceramic systems is unknown and remains controversial. On the one hand, veneering porcelains that have a slightly lower thermal expansion than that of the zirconia core might develop compressive stresses in the porcelain surface, with compensating tensile stresses developing at the surface of the framework. 27 This type of thermal mismatch between the core and veneer has resulted in an increase in failure loads for metal-ceramic systems 28 ; therefore, most manufacturers have incorporated a similar, slightly thermal mismatch for zirconia-based restorations. Other investigators believe that the coefficient of thermal expansion (CTE) of the veneering porcelain and the zirconia core should be fully congruent to avoid any stresses in the veneering porcelain. 29, 30 However, researchers generally agree that residual tensile stresses from a CTE mismatch could be highly harmful, affecting both the veneer and the ceramic core material.
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Thermal conductivity. Another issue concerning the high incidence of chipping in zirconia-based restorations is the exceptionally low thermal conductivity of the zirconia. [32] [33] [34] During cooling, residual stresses arise in the veneering porcelain because of a temperature gradient between the cool outer surface and the warm inner surface adjoining the coping. As a result, tensile stresses develop in the depth of the veneering material and accelerate crack propagation. [32] [33] [34] The faster the cooling and the lower the thermal conductivity of the core material, the greater the temperature difference between the veneering porcelain and the zirconia core and the higher the residual stresses inside the veneering porcelain. 35 The incidence of cracks is expected to increase with greater porcelain veneer thicknesses, especially in combination with fast cooling rates.
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Phase transition. Surface property changes may be the origin of the tensile stresses. The dissolution of stabilizing dopants (for example, yttrium or cerium) of surface zirconium oxide crystals into the silicate network of the veneering porcelain might lead to local changes in the tetragonal configuration of the zirconium oxide crystals. As a result, the crystals transform from the tetragonal state to the more stable monoclinic state, 37 which is accompanied by a 4 percent increase in volume. 38 The property of phase transition serves as a toughening mechanism to inhibit crack propagation and is responsible for the extraordinary high flexural strength of zirconia. 39 However, at the porcelainzirconia interface, phase transition leads to tensile stresses on the bottom of the veneering porcelain, probably resulting in starting points for cracks. However, research results indicate that tensile stresses generated by veneering zirconia with porcelain are too low to cause a general phase change at the interface. 40, 41 Aging. Liquid silicate penetration of zirconia grain boundaries is another possible explanation for the phase transformation of surface zirconium oxide crystals. This might occur in a manner analogous to water penetration of yttria-stabilized tetragonal zirconia polycrystals at moderately elevated temperatures, which also is known as low-temperature degradation or aging. 28 The aging process also is suspected of being responsible for a number of severe fractures of artificial hips made of zirconia.
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Framework design. Other factors that influence chipping are the design of the framework and the ratio of the framework thickness to the veneering porcelain thickness. Copings of standard thickness (that is, 0.5 millimeter) do not account for individual anatomical crown or FDP dimensions, which result in a wide variation of veneering porcelain thicknesses and changes in the ratio of the core thickness to the veneering porcelain thickness. Wakabayashi and Anusavice 43 reported that this variation affected the strength and crack initiation of veneered oxide-ceramic structures. Scientists generally agree that anatomically designed copings are better able to reduce chipping. 44 , 45 The framework design should provide support for the veneering porcelain, which should be of a consistent thickness. Several investigators reported that a consistent veneering porcelain thickness resulted in a more even distribution of residual stresses in the material. 12, 46, 47 Veneering method. Further research is required to determine the best way to manufacture the veneering porcelain for zirconia frameworks. The findings of laboratory studies show better results for hand-layered veneering porcelain than for veneering porcelain pressed over the frameworks. 10, 12, 48 Beuer and colleagues 48 reported successful results using computeraided design/computer-aided manufacturing to fabricate veneering porcelain sintered to the zirconia framework.
Options for intraoral ceramic repair. According to the above-mentioned studies, chipping of zirconia-based restorations most often is minor and occurs on second molar crowns and connectors of mandibular FDPs. These findings indicate that in most cases, chipping does not affect the function of the restoration and, therefore, the restoration is repairable.
What options are available to repair a chipped all-ceramic or PFM restoration? First, there is the possibility of removing the entire restoration and sending it to the technician, who will reveneer and refire it or replace it with a new restoration. Aside from the fact that, in most cases, it is not possible to remove a permanent cemented crown or FDP without damaging or distorting it, this procedure involves considerable effort, discomfort for the patient, time and cost.
The second option is to repair the ceramic restoration intraorally, which is an interim, but reasonable, solution. It avoids the disadvantages of removing the restoration while maintaining its function and preventing the accumulation of microorganisms on the fractured surface. The easiest way to repair chipped veneering porcelain is to polish the fractured surface thoroughly to minimize surface flaws that could lead to future failure. However, this type of repair is possible only for small chippings in the posterior region and only when the metal or ceramic coping is not exposed.
In all other cases, three possibilities exist: dreplace the missing piece of porcelain with composite-based resin; In areas demanding a highly esthetic result or in cases involving large defects, the third option is an attractive solution. 49 The partial replacement of the veneering porcelain with a new veneer also offers the possibility of eliminating precontact points or inaccurate occlusal contacts on the restoration, which may have been the reason for failure. Veneering porcelain failures that expose the restoration's core material pose a particular challenge with respect to intraoral repair. It can be difficult for the clinician to cover the framework color with a ceramic veneer, thus limiting the esthetic outcome, mainly for metal frameworks. To achieve functional success, the clinician has to establish reliable bonding of the veneering porcelain to the core material.
Surface conditioning. Appropriate surface conditioning is essential to the success of intraoral repair. The challenge is to create a strong, mechanochemical bond between the hydrophobic resin-based composite or resin cement and the fractured surface of the restoration, which often is composed of two different materials. Taking into consideration that this bond also involves chemical interactions, the clinician must choose the surface treatment that is appropriate for the different types of materials exposed on the fractured surface. These materials can be the following: dmetal alloys; doxide-ceramic materials: zirconia (for example, Lava Zirconia, 3M ESPE, St. Paul, Minn.), alumina (for example, NobelProcera Alumina, Nobel Biocare, Zurich) and glassinfiltrated zirconia (for example, In-Ceram Zirconia, Vita Zahnfabrik), which are used for copings or frameworks in all-ceramic restorations; dsilicate-ceramic materials: feldspathic ceramics (for example, Mark II, Vita Zahnfabrik), which are used for anterior veneers or veneering porcelain in PFM or all-ceramic restorations, and glass-ceramics (for example, IPS Empress or IPS e.max Press, Ivoclar Vivadent, Schaan, Liechtenstein), which are indicated for inlays, onlays, veneers and monolithic crowns.
Micromechanical retention. The micromechanical aspect of the metal or ceramic bond to resin is achieved by means of air abrasion with the intraoral sandblaster or by etching with hydrofluoric acid.
Etching. The application of 2.5 to 10 percent hydrofluoric acid (for example, Porcelain Etchant, 9.5 percent, Bisco, Schaumburg, Ill.) for 60 seconds is the easiest way to prepare the fractured surface chairside; however, it is indicated for use only with silicate-ceramic materials. Metal or oxide ceramics with low silicate content (< 15 percent volume) cannot be etched because no currently available acid is capable of breaking the metallic bonds or the bonds of dense and strongly bonded oxide ceramics. 50 Conversely, hydrofluoric acid is the only acid capable of dissolving bonds in silicate substances. A selective dissolution of different components within these etching materials creates microretentive etching patterns on the porcelain surface. The acid preferentially attacks the amorphous glassy phase or the crystalline phase. 51, 52 Unsaturated oxygen bonds also are generated, which serve as bonding partners for the silane. Although etching breaks silicate bonds and thus may weaken the silicate-ceramic material, Yen and colleagues 53 reported that etching has no influence on the strength of the silicate-ceramic material itself. However, intraoral use of hydrofluoric acid is controversial because of its hazardous properties. 54 Tissue cauterization of even the size of the palm of a hand (40 percent solution) can be lethal. If hydrofluoric acid is spilled on the soft tissue, it may take hours before symptoms appear. Therefore, clinicians should avoid using hydrofluoric acid if possible, and they should never use it without a rubber dam. 55 Clinicians should not apply hydrofluoric acid on exposed dentin or enamel at all. Instead, they should etch tooth structures with phosphoric acid.
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Air abrasion. Practitioners can achieve efficient surface roughening with minimal safety risks by using an intraoral sandblaster (for example, MicroEtcher II, Danville, San Ramon, Calif.). Air abrasion with 50-micrometer aluminum oxide particles at 2-3 bar air pressure will clean, roughen, enlarge and activate the surface, leading to a better wetability and chemical accessibility. 57, 58 The major drawback of air abrasion is potential surface damage that might affect the long-term performance of the restoration. 59 As the aluminum oxide particles hit the material with high energy, they generate small surface flaws. Although this does not harm the metal, in brittle materials such as dental ceramics, cracks usually originate from these surface flaws. This occurs even in the strongest ceramic materials such as zirconia and alu- Literature overview of surface conditioning methods used to achieve resin bonding to silicate ceramics. 
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Copyright © 2013 American Dental Association. All rights reserved. mina 60 and becomes particularly problematic in weaker porcelain. 61, 62 Some authors have suggested that the subsequent application of hydrofluoric acid to the silicate-ceramic surface could reduce the decreased strength induced by the air abrasion, because hydrofluoric acid dissolves parts of the damaged silicate-ceramic surface and eliminates surface flaws. 52 For pure silicate materials, the use of air abrasion is not recommended because hydrofluoric acid also is capable of producing microretentions on these materials. In addition, it is difficult to protect the intact surfaces of the restoration from the aluminum oxide particles. With regard to the ultimate strength of the restoration and its future performance, silicateceramic restorations should be etched rather than air-abraded. However, air abrasion remains critical for oxide ceramics and metals because acid etching produces insufficient roughening of those surfaces. [63] [64] [65] [66] To reduce the detrimental effect of air abrasion on oxideceramic materials, clinicians can lower the pressure to 0.5 bar without compromising the bond strength. 57, 67, 68 Chemical bond. The chemical bond between the ceramic or metal surface and the hydrophobic resin is created by bifunctional molecules such as silanes or phosphate monomers. Silanes (for example, RelyX Ceramic Primer, 3M ESPE, or Monobond-S, Ivoclar Vivadent) bond to silicate materials via a condensation reaction between silanol groups on one end of the silane molecule. On the other end of the silane molecule, an additional polymerization reaction of methacrylate groups generates a bond to resin. 69, 70 Furthermore, silanes enhance the resin-silicate bond by promoting the wettability of the surface for the penetration of resin. 71, 72 We should note that silanization of materials is a sensitive step. For intraoral use, a rubber dam is indispensable, as contamination of the silanized surface with water or other solutions inactivates the silane. Metal-and oxide-ceramic materials, which do not contain silanol groups, also can be bonded to silanes if they are silicatized in advance. This procedure usually is referred to as tribochemical coating. 73 For intraoral surface treatments, this has become possible through the development of a chairside system (CoJet silicate-ceramic surface treatment system, 3M ESPE) similar to the Rocatec universal bonding system (3M ESPE). 74 The system consists of fine-grained 30-µm aluminum oxide particles that are doped by silica. This modification simultaneously will allow roughening and the incorporation of silica into the metal-or oxide- 
Copyright © 2013 American Dental Association. All rights reserved. 75 The silica-enriched surface then will react with the silane.
Bifunctional phosphate monomers. Certain molecules can generate a direct chemical bond of metal or oxide-ceramic surfaces to resin. Bifunctional phosphate monomers (10-methacryloyloxydecyl dihydrogen phosphate or 4-methacryloyloxyethyl trimellitate anhydride) bond to oxides of the metal or oxide-ceramic surface on one side and to the resin on the other side. 71, 76, 77 They are available as metal or ceramic primers (for example, Alloy Primer, Kuraray Noritake, Tokyo), which are used in combination with the corresponding resin cement. Bifunctional phosphate monomers can be part of the resin cement. In this case, they are called modified phosphate-monomercontaining resin cements (for example, SuperBond C&B, Sun Medical, Shiga, Japan, or Panavia 21 or Panavia F2.0, Kuraray Noritake). Modified resin cements should be applied only on base alloys because they do not bond sufficiently to noble alloys. 78 Products also are available that contain silane and a metal and ceramic primer (for example, Monobond Plus, Ivoclar Vivadent, and Clearfil Ceramic Primer, Kuraray Noritake). Use of these combined primers is appropriate for the intraoral repair of a restoration if different materials are exposed on the fractured surface.
DISCUSSION
In the 1990s, many studies were published regarding how to prepare the surface of a fractured restoration for intraoral repair; for the 
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Recommendations for intraoral repair of fractured ceramic r most part, investigators evaluated air abrasion, etching or a combination of the two, followed by application of a silane. Use of phosphate monomers and a silicate-ceramic surface treatment (CoJet) is a more recent development. According to investigators in these studies, it is difficult to report evidence pertaining to the "best" surface treatment, particularly because of the lack of in vivo studies (Table 1  2 52, 80, 81, 84, 89, 100, 102 Owing to the cleaning effect of these acids, they enhance the bond strength of the silane only by making the silicate surface more accessible. 88, 89, 91, 96 Hydrofluoric acid etching and air abrasion seem to be equally successful. 58, 64, [80] [81] [82] [83] 102, 120, 121, 124 Therefore, some authors recommend use of air abrasion only or of CoJet to avoid any health risks for the patient, the dentist and the dental team. 1, 64, 121 Others, however, prefer etching with hydrofluoric acid because it is easier to perform, well-documented in the literature and less detrimental to the silicate-ceramic material. 62, 71, 75, 89, 97 In the latter case, the use of a rubber dam and latex gloves is essential to avoid any contact between the soft tissue and the hydrofluoric acid. If air abrasion is required on exposed metal-ceramic or oxideceramic surfaces after veneer delamination, the adjacent veneering porcelain surfaces will be affected. It is possible to eliminate the surface flaws generated in the veneer by subsequently applying hydrofluoric acid.
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Oxide ceramics. As mentioned earlier, use of acids on oxide-ceramic surfaces is ineffective in creating a microretentive surface. [63] [64] [65] [66] Hence, for the mechanical treatment of a fractured oxide-ceramic surface, one can chose between the silicate-ceramic surface treatment (CoJet) and air abrasion. They seem to be equally effective, as long as the appropriate chemical treatment is applied afterward. 76, 77, 104, 109, 111 Air abrasion is effective only in combination with resin cements that contain phosphate monomers or primers, because silanes cannot bond to the blank oxide-ceramic surface. 75, 76, 90, 103, 109, 111, 112, 120 Use of CoJet silicate-ceramic surface treatment requires application of a silane or a combination of a silane and a phosphate monomer. 75, 77, 103, 106, 120 The results of these laboratory studies pertaining to surface treatment of metal are similar to those obtained for oxide-ceramic materials. Investigators reported that on metal surfaces, air abrasion in combination with use of phosphate monomers and use of CoJet silicate-ceramic surface treatment followed by application of a silane are the most effective methods. 61, 64, 118, 124 The results of two clinical studies confirm the success of tribochemical coating. Kern and Strub 110 investigated the clinical use of the Rocatec system for cementation of aluminabased all-ceramic restorations (In-Ceram). They concluded that silica coating of alumina ceramic results in a durable resin bond that lasts for up to five years. Ozcan and Niedermeier 123 evaluated use of the CoJet system for repair of failed PFM restorations. They reported an overall survival rate of 89 percent after 34 months of observation.
TABLE 3
Recommendations for intraoral repair of fractured ceramic restorations, according to material composition.
CONCLUSIONS
On the basis of our review of the literature, we can recommend the following treatment protocols for the intraoral repair of fractured ceramic restorations (Table 3 ). All-ceramic restorations, which consist of one type of ceramic material (that is, silicate ceramic used for inlays, onlays, veneers, monolithic anterior crowns) should be etched with hydrofluoric acid (2.5 to 10 percent) for 60 seconds or sandblasted (50-µm aluminum oxide, 0.5 bar). Application of a silane afterward is crucial to achieve a chemical bond between the resin and the ceramic material.
PFM and zirconia-based/alumina-based restorations, which consist of two materials, should be treated on the basis of the material that is exposed on the fractured surface. In chipped ceramic restorations, this material will be only the silicate-ceramic material (veneering porcelain). Hence, a chipped ceramic restoration should be treated in the same manner as a fractured all-ceramic restoration (hydrofluoric acid or air abrasion plus silane, as discussed earlier). If the restoration failed from delamination, both materials will be exposed on the fractured surface. In this case, we recommend using the CoJet system followed by the application of a silane and a phosphate monomer. If the CoJet system is not available, it can be substituted by air abrasion in combination with the subsequent application of hydrofluoric acid followed by a combined silane and phosphate monomer primer. With respect to its hazardous properties, hydrofluoric acid must be handled carefully and should never be applied or spilled on any human tissue. I Disclosure. Drs. Kimmich and Stappert did not report any disclosures.
